Among multiple interconnected pathways for L-Lysine catabolism in pseudomonads, it has been reported that Pseudomonas aeruginosa PAO1 employs the decarboxylase and the transaminase pathways. However, up until now, knowledge of several genes involved in operation and regulation of these pathways was still missing. Transcriptome analyses coupled with promoter activity measurements and growth phenotype analyses led us to identify new members in L-Lys and D-Lys catabolism and regulation, including gcdR-gcdHG for glutarate utilization, dpkA, amaR-amaAB and PA2035 for D-Lys catabolism, lysR-lysXE for putative L-Lys efflux and lysP for putative L-Lys uptake. The gcdHG operon encodes an acyl-CoA transferase (gcdG) and glutaryl-CoA dehydrogenase (gcdH) and is under the control of the transcriptional activator GcdR. Growth on L-Lys was enhanced in the mutants of lysX and lysE, supporting the operation of L-Lys efflux. The transcriptional activator LysR is responsible for L-Lys specific induction of lysXE and the PA4181-82 operon of unknown function. The putative operator sites of GcdR and LysR were deduced from serial deletions and comparative genomic sequence analyses, and the formation of nucleoprotein complexes was demonstrated with purified His-tagged GcdR and LysR. The amaAB operon encodes two enzymes to convert pipecolate to 2-aminoadipate. Induction of the amaAB operon by L-Lys, D-Lys and pipecolate requires a functional AmaR, supporting convergence of Lys catabolic pathways to pipecolate. Growth on pipecolate was retarded in the gcdG and gcdH mutants, suggesting the importance of glutarate in pipecolate and 2-aminoadipate utilization. Furthermore, this study indicated links in the control of interconnected networks of lysine and arginine catabolism in P. aeruginosa.
INTRODUCTION
Multiple and interconnected catabolic pathways exist for the utilization of lysine in microbes. As shown in Fig. 1 , L-lysine is catabolized via the monooxygenase pathway in Pseudomonas putida, while in Pseudomonas aeruginosa it is mainly mediated via the decarboxylase pathway (Chou et al., 2010; Revelles et al., 2004 Revelles et al., , 2005 . Expression of the lysine decarboxylase LdcA was found to be inducible by the arginine regulator ArgR and L-arginine but not L-lysine in P. aeruginosa PAO1 (Chou et al., 2010) , making this initial step in the proposed pathway a bottleneck for L-lysine catabolism in this organism. Cadaverine, the product of LdcA, is further degraded to 5-aminovalerate through the c-glutamylation pathway for polyamine catabolism that is controlled by PauR (Chou et al., 2013; Yao et al., 2011) . Both monooxygenase and decarboxylase pathways converge at 5-aminovalerate, which is then converted to glutarate by a pair of transaminase and semialdehyde dehydrogenase encoded by the gabDT operon (Chou et al., 2013; Revelles et al., 2004) . Glutarate is proposed to produce acetyl-CoA that can enter the Krebs cycle (Numa et al., 1964) , and glutaryl-CoA dehydrogenase enzyme (an enzyme in glutarate catabolism) activity has been reported in crude extracts of P. aeruginosa (Fothergill & Guest, 1977) . However, none of the genes for glutarate catabolism and its regulation have been characterized in Pseudomonas.
The presence of a lysine racemase has been reported in P. putida to convert L-Lys to D-Lys (Radkov & Moe, 2013; Revelles et al., 2005) . The catabolic pathway for D-Lys catabolism in this organism ( Fig. 1 ) has been proposed to degrade D-Lys to 2-aminoadipate, which is then further degraded to a-ketoglutarate to enter the Krebs cycle. Several genes encoding enzymes of this proposed pathway in P. putida KT2440 have been identified, including PP3590 for D-Lys transaminase, PP3596 for D-Lys dehydrogenase, dpkA for D1-piperideine-2-carboxylate reductase (Muramatsu et al., 2005; Revelles et al., 2005 Revelles et al., , 2007 , and amaB and amaA in conversion of pipecolate to 2-aminoadipate (Revelles et al., 2005) . P. aeruginosa does not possess the lysine racemase; however, L-Lys catabolism can potentially be connected to the D-Lys pathway via an arginine-pyruvate transaminase AruH (Chou et al., 2010; Yang & Lu, 2007a) . One early report suggested the presence of another route through L-lysine 6-amino transferase to make L-pipecolate, which again could possibly convert into glutarate (Fothergill & Guest, 1977) . In P. aeruginosa, the alpha amino group of D-Lys can be deaminated by the FAD-dependent D-amino acid dehydrogenase DauA (Li & Lu, 2009a) . It was not clear how D-Lys catabolism was operated in this organism due to very limiting information about potential players in the catabolic pathway.
Many of the intermediate compounds in the proposed lysine catabolic pathways in P. aeruginosa PAO1 can serve as better sources of carbon and nitrogen than lysine itself. It is very likely that lysine catabolism is composed of multiple modules of biochemical reactions, and the expression of each module is controlled by a specific intermediate compound and its corresponding regulators. To gain a better understanding on the interconnections of L-Lys and D-Lys catabolism in P. aeruginosa, we conducted transcriptome analysis to identify several possible missing links and new players, and these thus identified members were subjected to further characterization to tie their physiological functions and regulatory mechanisms into an integrated metabolic network.
METHODS
Strains and growth conditions. Bacterial strains used in this study are listed in Table 1 . Luria-Bertani (LB) medium was used for bacterial growth with the following supplements as required: ampicillin at 100 mg ml 21 and carbenicillin at 100 mg ml 21 for both Escherichia coli and P. aeruginosa. Minimal medium P (MMP) supplemented with specific carbon sources and nitrogen sources was used for the growth of P. aeruginosa (Haas et al., 1977) . Unless specified, mutant strains with a single lesion by transposon insertion used in this study (Table 2) were obtained from the stock centre at University of Washington, Seattle, USA (Jacobs et al., 2003) .
Transcriptome analysis. Two independent sets of P. aeruginosa PAO1 cultures were grown aerobically in MMP media with 10 mM L-Glu with 10 mM L-Lys, cadaverine (CAD), 5-amino valerate (AMV), glutaric acid (GA), D-Lys or 5 mM L-pipecolate (L-Pip). Cells in the exponential growth phase were harvested and RNA samples were extracted from cells with an RNeasy Plus Mini kit (Qiagen). Following the protocol of Affymetrix, cDNA was synthesized, fragmented and labelled. Labelled cDNA was used for GeneChip Microarrays with a P. aeruginosa Genome Array (Affymetrix). Data were collected and analysed by comparing gene expression under each test condition to that in cells grown in L-Glu following the same parameters as described previously (Chou et al., 2008) . Data were processed by Microarray Suite 5.0 software, normalizing the absolute expression signal values of all chips to a target intensity of 500. Only genes showing consistent expression profiles in duplicates were selected for further analysis.
Construction of gene promoter : : lacZ fusions. For the construction of lacZ fusions, the regulatory regions of the genes were amplified from the genomic DNA of P. aeruginosa PAO1 by PCR with specific primer pairs as follows: GCD1-F and GCD1-R for pGCD1; LYS1-F and LYS1-R for pLYS1; AMA1-F and AMA1-R for pAMA1; and PA4181-F and PA4181-R for pPA4181. Purified PCR products were digested with specific restriction enzymes and ligated to pQF50 (Farinha & Kropinski, 1990 ) digested with the same enzymes before they were transformed into cells of E. coli DH5a. The positive clones were selected on LB plates containing ampicillin, and the nucleotide sequence of the inserts was confirmed by DNA sequencing. Pictorial representation of lysine catabolism in Pseudomonas aeruginosa PAO1 and Pseudomonas putida KT2440. Pathways in P. aeruginosa PAO1 and P. putida KT2440 are indicated by solid black arrows and dashed grey arrows, respectively. Genes that are subjected to control by transcriptional regulators ArgR, PauR, GcdR, DauR and AmaR are labelled in different colours. LYS, lysine; CAD, cadaverine; AMV, d-aminovalerate; GA, glutaric acid; KAH, a-keto-e-aminohexanoate (keto-lysine); D P2C, D1-piperideine-2-carboxylate; L-PIP, L-pipecolate; D P6C, D1-piperideine-6-carboxylate; 2-AAS, 2-aminoadipate semiadehyde; 2-AAP, 2-aminoadipate; 2-KAP, 2-ketoadipate; a-KG, a-ketoglutarate. Plasmids with serial deletions from the full-length inserts were constructed by the same approach with specific primers.
Cloning, expression and purification of hexa-histidine-tagged LysR and GcdR. The structural genes lysR and gcdR were amplified by PCR from the genomic DNA of P. aeruginosa PAO1 using the following primer pairs: LysR-F and LysR-R for lysR; and GcdR-F and GcdR-R for gcdR. The resulting PCR products were digested with specific restriction enzymes and cloned into the expression vector pBAD-HisE (Li & Lu, 2009b) so that the C terminus of LysR and GcdR was fused in-frame with the His6-tag while the N terminus was preceded by a ribosome-binding site and an arabinose-inducible promoter in the plasmid. The resulting plasmids, pLYSR and pGCDR, were introduced into E. coli Top10 (Invitrogen). For overexpression of LysR and GcdR proteins, the recombinant strains of E. coli were grown in LB medium containing ampicillin at 37 uC. For over-expression, 0.2 % L-arabinose (w/v) was added to the culture when the OD 600 was approximately 0.5-0.6. After 4 h of vigorous shaking at 18 uC, cells were harvested by centrifugation and stored at 280 uC until use.
The cell pellets were suspended in phosphate buffer A (20 mM Na 2 HPO 4 , 0.5 M NaCl, 20 mM imidazole, pH 7.5) with PMSF (1 mM) as a protease inhibitor and the cells were ruptured by French press. Cell debris was removed by centrifugation at 30 000 g for 30 min. The supernatant was applied to a HisTrap HP column (GE Healthcare), the His-tagged LysR was eluted at 20-60 % buffer B and His-tagged GcdR was eluted at 40-70 % buffer B (20 mM Na 2 HPO 4 , 0.5 M NaCl, 1 M imidazole, pH 7.5). The target fractions were analysed by SDS-PAGE, pooled and concentrated using an Amicon Ultra-15 centrifugal filter unit (molecular mass cut-off, 30 kDa; Millipore) to change the buffer to 20 mM Tris/HCl (pH 7.5). Protein concentration was determined by the method of Bradford (Kruger, 1994) . Cells from two independent colonies were grown in MMP with the compounds indicated as the sole source of carbon and nitrogen (20 mM) except for GA (10 mM) where 0.5 % NH 4 Cl was added as the nitrogen source. Aerobic growth at 37 8C was followed for 4 days and recorded as follows under each growth condition: +++, better growth than WT PAO1;++, same growth as WT PAO1;+, weaker growth than WT PAO1;+/2, very poor growth compared with WT PAO1; 2, no growth even after 4 days. NT, Not tested; NA, not applicable. Significant changes on the growth phenotype were marked in grey. The PW strains of transposon insertion mutants were obtained from the University of Washington Pseudomonas stock centre. MJ27 and MJ99 were gifted by Dr M. J. Wargo (University of Vermont).
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*PA ID numbers were from the PAO1 genome annotation project (http://www.pseudomonas.com).
DTransposon direction refers to the absolute direction of the transposon and transcriptional direction of a strong internal promoter carried by the transposon in the genome. F, forward; R, reverse. Forward is oriented parallel to increasing nucleotide base number and PA gene annotation number. dMJ27 is the parental strain of MJ99 and the comparison is made between these two and not the WT PAO1 above.
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Electrophoretic mobility shift assays (EMSA). The DNA probes (2 ng) were allowed to interact with different concentrations of GcdR or LysR in the reaction buffer containing 50 mM Tris/HCl (pH 7.5 or pH 8.5, respectively), 50 mM KCl, 1 mM EDTA, 5 % (v/v) glycerol, 4 mM DTT and 200 mg acetylated BSA ml 21 . After incubation for 10 min at room temperature, 20 ml of each reaction mixture was loaded on a polyacrylamide gel (6 %) in Tris/borate/EDTA buffer (pH 8.7). The gels were stained with SYBR Gold solution (Invitrogen) for 20 min, washed twice with deionized H 2 O, and scanned.
RESULTS

Transcriptome profiling
Many of the intermediate compounds in the proposed lysine catabolic pathways in P. aeruginosa PAO1 can serve as better sources of carbon and nitrogen than lysine itself. We hypothesized that lysine catabolism is composed of multiple modules of biochemical reactions, and each module is controlled by a specific intermediate compound and its corresponding regulatory mechanism at the genetic level. To get a more detailed understanding of lysine catabolism and regulation, DNA microarray experiments were conducted to get a snapshot of gene expression during exponential growth phase in the WT strain PAO1 grown in glutamate (L-Glu) minimal medium supplemented with L-Lys, CAD, AMV, GA, D-Lys or L-Pip. The expression profiling under each test condition was compared with that of cells grown in L-Glu, and the genes that displayed over threefold induction with significant signal levels in duplicates were selected for further analyses. Table 3 is a selected group of genes that were subjected to more detailed characterization in this study. Some genes that passed the initial screening parameters have been characterized in our previous studies as members of the c-glutamylation pathway for CAD and polyamine catabolism (Chou et al., 2013; Yao et al., 2011) , and hence were intentionally omitted from the list. Therefore, in this table we mainly focused on genes that are either new members or less characterized members in the Lys metabolic network. In particular, this study characterized three operons (lysXE-R, gcdHG-R and amaAB-R) that play significant roles in Lys utilization in PAO1, apart from some other genes that are activated by L-lysine.
Listed in
Growth phenotypes
Mutants of various genes under study were obtained from the transposon mutant library stock centre (University of Washington). These mutants were checked for growth on L-Lys, CAD, AMV, GA, L-Pip or L-Arg as the sole source of carbon and nitrogen on minimal medium plates and the growth was recorded as in Table 2 . In the case of glutarate, which can only serve as carbon source, ammonium chloride (0.5 %) was included in the growth medium as nitrogen source. 
com).
DGeneChip raw data were mean values of two independent sets of cultures. Significant changes on the signal intensity were marked in bold type.
It was found that mutants of gcdG, gcdH or gcdR were completely defective for growth on L-Lys, CAD, AMV, GA and L-Pip but grew normally on L-Arg. Based on the genome annotation, the divergent gcdR-gcdHG operon (Fig. 2a) encodes a transcriptional regulator, the glutaryl-CoA dehydrogenase and a putative acyl-CoA transferase, respectively. The results of growth phenotype analyses support the proposed functions of these genes in glutarate utilization. Surprisingly, it was found that these mutants could not grow on L-Pip, which is the intermediate compound in D-lysine catabolism and was proposed to be converted into 2-aminoadipate (Fig. 1) . The results would therefore support the route for converting 2-aminoadipate into glutarate, but not a-ketoglutarate as has been suggested by early reports (Perfetti et al., 1972; Revelles et al., 2005) .
In the proposed pathway, conversion of L-Pip into 2-aminoadipate requires two sequential reactions catalysed by AmaB and AmaA. Indeed the amaA and amaB mutants were completely defective for growth on L-Pip, supporting their role in L-Pip and hence D-Lys catabolism. Furthermore, these two mutations also affected growth on L-Lys, suggesting the presence of a metabolic flow that is branched out from L-Lys catabolism (Fig. 1) . A similar pattern of growth phenotypes
pGCD1 (508bp) pGCD2 (363bp) pGCD2 (317bp) pGCD4 ( Pseudomonas in the following order: P. aeruginosa (PAO1), P. denitrificans (ATCC13867), P. mendocina (NK01), P. fluorescens (Pf01), P. entomophila (L48), P. stutzeri (CCUG29243), P. fulva (12-X) and P. putida (KT2440).
was also observed for the mutant of amaR encoding a putative transcriptional regulator of the amaAB operon.
Among genes that were induced specifically by L-lysine, PA4981 (lysP) encodes a putative amino acid permease, and the lesion in this gene conferred a strong growth defect on L-Lys. We also compared the growth phenotype of the lysP mutant and the WT strain PAO1 on glucose minimal medium with different nitrogen sources, including ammonium, L-Arg, D-Arg, L-Lys, and D-Lys. An apparent growth defect of the lysP mutant was observed with D-Lys and L-Lys but not D-Arg and L-Arg. It suggested the significant role of LysP as a potential Lys transporter.
On the contrary, among all mutants tested, it was found that the lysR, lysX and lysE mutants grew better than the parental strain on L-Lys. The lysX gene codes for a protein of unknown function while the lysE gene codes for a putative amino acid exporter of the LysE/ArgO family, showing 45 % sequence identity to the arginine exporter ArgO and the lysine exporter LysO of E. coli (Nandineni & Gowrishankar, 2004; Pathania & Sardesai, 2015) . Upstream of the lysXE operon, the divergent lysR gene was annotated as iciA (Thöny et al., 1991) by the genome project, and the transcriptional regulator encoded exhibited 41 % sequence identity to ArgP of E. coli in control of ArgO expression. As supported by other lines of evidence described below, the enhanced growth on L-Lys of the lysR mutant was very likely due to its activation effect on lysXE expression.
Induction of the gcdHG promoter
To study regulation of the gcdHG operon, a gcdH : : lacZ transcriptional fusion plasmid (pGCD1; Fig. 2a ) was constructed and introduced into WT PAO1 as described in Methods. The ability of various compounds to activate the gcdH promoter was tested. Consistent with the results of GeneChip analysis (Table 3) , a similar pattern of promoter induction by L-Lys, CAD, AMV, GA, D-Lys and L-Pip was observed in PAO1 harbouring pGCD1 by measurements of b-galactosidase activities (Fig. 3 ).
Among the compounds tested, exogenous glutarate exerted the strongest effect on promoter induction, suggesting glutarate as the potential effector compound for promoter activation. To test this hypothesis, the levels of gcdH promoter activation by glutarate were also measured in the gcdG and gcdR mutants harbouring pGCD1. In comparison with the level in the WT PAO1, this promoter was activated more than fivefold in the gcdG mutant, which was expected to accumulate glutarate inside the cell without the acyl-CoA transferase activity. On the contrary, this promoter showed no sign of induction in the gcdR mutant (Fig. 3) . These results support the hypothesis of GcdR as transcriptional activator of the gcdHG operon in response to glutarate as the signal molecule.
DNA binding activity of GcdR
The results of growth phenotype analysis and promoter measurements indicated the potential function of GcdR as the transcriptional regulator of the gcdHG operon in glutarate catabolism. Recombinant GcdR with a hexa-histidine tag at its carboxyl terminus was expressed and purified from a strain of E. coli as described in Methods. This recombinant GcdR was used to demonstrate its interactions with the gcdH promoter region by EMSA. As shown Fig. 3 . Expression profile of the gcdH promoter in vivo. The gcdH promoter activity was monitored by measuring b-galactosidase activity in the WT PAO1 and its mutants harbouring the pGCD1 plasmid. Cells were grown in L-Glu (10 mM) minimal medium in the presence of various compounds as indicated (10 mM). Specific activity values represent the mean¡SD of three measurements for each growth condition.
in Fig. 4 , GcdR forms nucleoprotein complexes with DNA fragments covering the gcdHG promoter region carried by pGCD1. Although the presence of glutarate in the binding reaction did not cause any change in affinity of GcdR to the probe DNA, it seemed to favour nucleoprotein complexes that migrate slower on the gel in comparison with those without glutarate.
In order to further narrow down the GcdR binding site, shorter probes carried by pGCD2, pGCD3, pGCD4 and pGCD5 (Fig. 2a) were generated and tested for interactions with GcdR (Fig. 4) . The result of serial deletions led us to identify a region of 30 bp that may carry the GcdR operator site as described below. It was also supported by the promoter activity measurements (Fig. 2b ) from plasmids carrying the same series of promoter fragments as in the EMSA. Site-directed mutagenesis of the proposed GcdR operator in pGCD4 or absence of the proposed GcdR operator in pGCD5 resulted in complete abolishment of glutaratedependent induction of the gcdH promoter activity.
Multiple sequence alignment of gcdHG promoters in Pseudomonas
Information from comparative genomics indicated that gcdR-gcdHG genes are highly conserved among various species of Pseudomonas (http://www.pseudomonas.com). Multiple sequence alignment was conducted for the gcdHG regulatory regions from representative species, which revealed a highly conserved sequence motif. In accordance with the results of promoter analysis and gel shift assays shown in Figs 2 and 4, it appeared that the sequence motif (59-GTGAGAAAATAGCAC-39) 109 bp upstream of the gcdH initiation codon might be a potential candidate for the GcdR operator. A second conserved sequence motif was found downstream of the proposed GcdR operator site (Fig. 2d) . However, this site was excluded as the GcdR operator site as binding of GcdR to the pGCD1 probe was retained after digestion with the restriction enzyme Eco RI, which is located in the middle of the second conserved sequence motif (data not shown). Site-directed mutagenesis of the first three bases in the proposed GcdR operator from GTG in pGCD3 to ACA in pGCD4 resulted in complete loss of GcdR binding in vitro (Fig. 4) and loss of promoter activation in vivo (Fig. 2) .
Induction of lysXE by L-Lys
As described above, lysE was proposed to encode the putative L-Lys exporter, and it forms a putative operon with the upstream lysX of unknown function. To test the expression profiling of lysXE, a lysX : : lacZ transcriptional fusion plasmid (pLYS1) was constructed and introduced into WT PAO1. The ability of various compounds to activate this promoter was tested. As shown in Fig. 5 , it was found that this promoter was induced by L-Lys only, consistent with the results of the DNA microarray experiments (Table 3 ).
The activity of the lysX promoter was also measured in various mutants in order to understand the regulatory mechanism of the lysXE operon. It was found that lysinedependent induction of the lysX promoter was completely abolished in strain PW8366 carrying a lesion in lysR (Fig. 5) . On the contrary, the level of induction by L-Lys in the lysX or lysE mutant was even higher than that in the WT strain PAO1. These results supported the proposed functions of LysE and LysR as L-Lys exporter and lysineresponsive transcriptional activator, and suggested a link of LysX to the lysine export system.
DNA binding activity of LysR
LysR was overexpressed and purified with a hexa-histidine tag at its carboxyl terminus as described in Methods. This recombinant LysR was used to demonstrate its interaction with the lysX promoter region by EMSA. LysR alone was able to bind to a DNA fragment carrying the lysX promoter region in pLYS1 to form nucleoprotein complexes (C1 and C2, Fig. 6 ). We also tested the potential effects of two amino acids, L-Lys and L-Arg, on LysR-DNA interactions. However, only minimal effects by the presence of these two amino acids could be detected in vitro, which cannot explain the observed effects in vivo.
In an attempt to identify the LysR operator sites, multiple sequence alignments were conducted with the lysX promoter sequences from PAO1 and representative strains from different gene clusters. As shown in Fig. 7(c) , a conserved sequence motif was found in this regulatory region that could potentially be the Lys operator site. This finding is further supported by the loss of LysR binding in EMSA with lysX promoter DNA fragments lacking this motif in pLYS4 and pLYS5 (Fig. 6b) and also by the lack of transcriptional activation in these two plasmids in the presence of L-Lys in the WT PAO1 in Fig. 7 . 
Induction of the amaAB promoter
From transcriptome analysis, amaAB of P. aeruginosa PAO1 was found to be inducible to a comparable level by D-Lys and L-Pip. This operon was also induced by L-Lys but to a relatively low level. To substantiate this finding, the amaA : : lacZ transcriptional fusion plasmid (pAMA1) was constructed and introduced into the WT strain PAO1 to analyse the expression profiling of this promoter. As shown in Fig. 8 , the amaA promoter was induced by L-Lys, D-Lys and L-Pip, consistent with the DNA microarray experiments (see Table 3 ).
Divergent from the amaAB operon, the PA1026 gene codes for a putative transcriptional elongation factor of the GreA/GreB family (http://www.pseudomonas.com). However, the knockout mutant of this gene grew normally on all compounds tested in this study (Table 2) , and it did not affect the expression profiling of the amaA promoter (data not shown). These results led us to exclude PA1026 as the regulatory gene of amaAB. In the case of P. putida KT2440, the PP5259 gene encoding a transcriptional regulator of the LysR family was also divergently transcribed from the amaAB operon in this bacterium (Revelles et al., 2005) . On the basis of sequence similarity, we found PA4914 of PAO1 as the possible orthologue of PP5259. As shown in Fig. 8 , activation of the amaAB promoter by L-Lys or D-Lys was lost completely in the PA4914 knockout mutant (PW9274) suggesting that PA4914 is the transcriptional activator of the amaAB operon. We therefore designated PA4914 as amaR. Consistent with its role in activation of amaAB, the amaR mutant exhibited the same pattern of growth defects on L-Lys and L-Pip as the amaA and amaB mutants (Table 2) . Induction of the amaAB operon by L-Lys was abolished in the PA1252 mutant
Although L-Lys catabolism in P. aeruginosa PAO1 is mainly through the decarboxylase pathway, L-Lys can also be channelled into the D-Lys pathway via the transaminase pathway (Chou et al., 2010) . As shown in Fig. 1 , L-Lys and D-Lys catabolism may converge at a-keto-e-aminohexanoate (aka keto-lysine), which then spontaneously cyclizes to form D9-piperidine-2-carboxylate. This convergence was further supported by our findings that L-Lys is able to induce the amaAB operon (Table 3 , Fig. 8 ), which encodes enzymes for the subsequent degradation of D9-piperidine-2-carboxylate to 2-aminoadipate. One missing link in the converged pathway is the enzyme converting D9-piperidine-2-carboxylate to L-Pip. One potential candidate for this enzyme was encoded by PA1252, based on its sequence similarity to DpkA (PP3591) of P. putida KT2440 that has been previously shown to catalyse this reaction in D-Lys and D-Pro catabolism (Muramatsu et al., 2005; Revelles et al., 2005) . From the results of transcriptome analysis (Table 3) , the PA1252 gene was found not to be inducible by L-Lys, D-Lys or L-Pip. However, activation of the amaA promoter by L-Lys and D-Lys was completely lost in the PA1252 mutant (Fig. 8) , supporting its role in the conversion of D9-piperidine-2-carboxylate to L-Pip and thereby in Lys catabolism in PAO1.
The PA4181-PA4182 operon of unknown function was inducible by L-Lys
The putative PA4181-PA4182 operon was identified from transcriptome analysis as genes specifically induced by L-Lys (Table 3) . To substantiate this finding, the PA4181 : : lacZ fusion plasmid (pPA4181) was constructed and introduced into WT PAO1. The ability of various compounds to activate this promoter was tested. It was found that this operon was induced by L-Lys only (Fig. 9 ) consistent with the DNA microarray experiments. Genome annotations suggested the presence of a B3/B4 tRNA-binding domain in the PA4181 peptide, and the PA4182 peptide was predicted as a transcriptional factor with an FMNbinding domain. To test if the induction effect of L-Lys on the PA4181 promoter depends on PA4182 or lysR, the pPA4181 plasmid was introduced into the PA4181 and lysR mutants to measure the promoter activity. The results showed that promoter activation of pPA4181 by L-Lys was completely lost in the lysR mutant indicating that lysR is the transcriptional activator of this operon. The promoter region of PA4181 carried by the pPA4181 plasmid was used as the probe to test the binding of lysR as described in the Methods. Indeed, purified His-tagged LysR did bind to this DNA probe of PA4181 as shown in Fig. 6(a) , confirming the results of promoter activation experiments (Fig. 9 ). Similar to results with the lysE probe, at least two nucleoprotein complexes (C1 and C2) could be observed by EMSA, and addition of L-Lys to the binding reaction also led to the preferential formation of C1 complex.
DISCUSSION
Glutarate catabolism plays a pivotal role in lysine catabolism L-Lys catabolism in P. aeruginosa is mainly mediated by the lysine decarboxylase pathway, which converts L-Lys into glutarate. Previous studies from our group have characterized all genes encoding enzymes in this process. In the current study, the gcdHG operon was identified to play essential roles in glutarate catabolism from the results of transcriptome analysis (Table 3 ) and growth phenotype analysis (Table 2) . Genome annotations predicted GcdH as glutaryl-CoA dehydrogenase and GcdG as putative acyl-CoA transferase (http://www.pseudomonas.com). In conjunction with our results presented here, this information supported GcdG and GcdH as glutaryl-CoA transferase and glutaryl-CoA dehydrogenase that catalyse two contiguous reactions to convert glutarate into crotonylCoA (Numa et al., 1964; Perfetti et al., 1972) .
Not only essential for L-Lys catabolism, it was found in our study that the gcdG and gcdH mutants could not grow on L-Pip, suggesting that L-Pip is also degraded via glutarate. L-Pip is an intermediate compound of D-Lys catabolism (Fig. 1) , followed by the generation of 2-aminoadipate. Enzymes and their encoding genes that are involved in the conversion of L-Pip to 2-aminoadipate have been identified in P. putida (Revelles et al., 2005) and P. aeruginosa PAO1 in this study. However, information regarding degradation of 2-aminoadipate to glutarate was still missing. One possible player in this process might be PA2035 encoding a TPP-dependent decarboxylase. The PA2035 gene was found to be inducible by D-Lys and L-Pip in transcriptome analyses (Table 3) , and the knockout mutant of PA2035 completely lost the ability to grow on L-Pip ( Table 2 ), suggesting that PA2035 is essential for L-Pip utilization in PAO1.
The GcdR transcriptional activator responds to its signalling compound glutarate Several lines of evidence support the conclusion that GcdR is the transcriptional activator for the gcdH promoter. Firstly, the gcdR mutant could not grow on L-Lys or its catabolic intermediates CAD, AMV or GA. Secondly, induction of the gcdH promoter by exogenous GA was completely abolished in the gcdR mutant. Thirdly, the purified recombinant GcdR protein bound to the regulatory region of the gcdH promoter. A combination of serial deletion analysis and multiple sequence alignments led us to identify a highly conserved sequence motif among species of Pseudomonas as the GcdR operator site in the gcdH promoter region (Fig. 2) .
Lysine export is one of the bottlenecks for growth on L-Lys P. aeruginosa PAO1 can utilize L-Lys as the sole source of carbon and nitrogen. However, it has been observed that under this growth condition with L-Lys, the WT strain PAO1 spent a very long lag phase before resuming exponential growth. We have reported that the lysine decarboxylase LdcA was subjected to induction by L-arginine and the ArgR transcriptional regulator (Chou et al., 2010) , and hence considered the lack of lysine-dependent induction of ldcA as the bottleneck for L-Lys catabolism.
In the current study, we found that the presence of a lysine-inducible exporter posed another major limiting factor for growth on L-Lys. From the transcriptome analysis, the lysXE genes were found to be induced specifically by exogenous L-Lys and this was confirmed by promoter activity measurements. The lysXE genes encode an uncharacterized protein with one Pfam ATC3 domain and a putative lysine efflux protein, respectively, while the divergent lysR gene encodes a transcriptional regulator. lysE shares 45 % sequence similarity with the arginine exporter ArgO of E. coli. Knockout mutants of lysR, lysX and lysE were found to grow much better than the WT PAO1 on MMP agar with L-Lys as the sole source of C and N. In liquid media, the lysR, lysX and lysE mutants had a much shorter lag-phase compared with the WT PAO1. Also, the estimated generation time of these mutants was shorter (9-13 h) than that of the WT (19 h). We believe that the shorter lag phase and generation time observed in lysR, lysX and lysE mutants was due to the lack of a functional lysine exporter, resulting in higher intracellular concentrations of L-Lys compared with the WT PAO1.
The LysR transcriptional activator responds to its signalling compound L-Lys
Several lines of evidence support the conclusion that LysR is the transcriptional activator for the lysX promoter. Firstly, the lysR mutants grew much better than the WT PAO1 (possibly due to absence of LysX and LysE). Secondly, the induction of the lysX promoter by exogenous L-Lys was completely abolished in the lysR mutant. Thirdly, the purified recombinant LysR protein bound to the regulatory region of the lysX promoter. The LysR operator site in the lysX promoter region was also deduced from the results of serial deletions and multiple sequence alignments (Figs 6 and 7) .
Interconnected regulatory systems for ArgR and lysine metabolism
Findings from the current study and previous reports indicate the presence of a sophisticated regulatory network of Arg and Lys uptake and catabolism in Pseudomonas.
As shown in Fig. 10 , there are at least four transcriptional regulators that respond to Arg and Lys -LysR (L-Lys), AruSR (L-Lys and L-Arg), ArgR (L-Arg) and DauR (D-Lys and D-Arg). P. aeruginosa is well equipped to grow more efficiently on Arg than on Lys, with the ArgR regulator in response to L-Arg as the major player to control the entire arginine network (Li et al., 2010; Lu et al., 2004) , including the AotJQMP transporter for L-Arg and L-Lys uptake. Furthermore, ArgR extends its influence to Lys catabolism through its control of ldcA for L-Lys decarboxylase (Chou et al., 2010) , dauBAR-dauT for D-Lys/D-Arg dehydrogenase and uptake, and potentially of lysP and aruH for L-Lys uptake and L-Lys L-Arg aminotransferase (Yang & Lu, 2007b) . The overall efficiency of L-Lys catabolism is further dampened by the presence of the L-Lys exporter LysXE that is subjected to positive regulation by the LysR regulator in response to L-Lys as depicted in this study. The physiological significance of this nutritional preference for Arg over Lys observed in Pseudomonas is a very intriguing question for future investigation.
In conclusion, we have characterized several new members of the L-Lys and D-Lys catabolic pathways and their regulatory elements, including gcdR-gcdHG for glutarate utilization, dpkA, amaR-amaAB and PA2035 for D-Lys catabolism, lysR-lysXE for putative L-Lys efflux and lysP (PA4981) for putative L-Lys uptake. Integration of these new data with information from previous reports led us to discover an inducible amino acid exporter as a bottleneck for L-Lys catabolism and to decipher a tightly interconnected metabolic network for D-Lys and L-Lys in Pseudomonas.
